Increasing evidence suggests important roles for IGF and IGF-I-R in the growth and clinical behavior of many cancers, including those of breast, colon, and prostate. Toropainen et al.
(1) showed that IGF-I was expressed by 91% of breast cancers and was more frequently observed in tumors with favorable indicators such as intraductal growth, distinct tumor margins, and a high probability of survival. IGF-I, IGF-II, and IGF-I-R have all been identified in colon cancers, where the expression of IGF-I-R appears to be related to poor prognostic indicators such as tumor growth, angiogenesis, and metastasis (2) (3) (4) (5) . Expression of IGF-II is increased in prostate cancers, where it may have a role in metastasis (6) . Targeted mutagenesis of the IGF-I-R supports the hypothesis that IGF-I-R is critically important for transformation (7) . Studies by Sell et al. (7) showed that interruption of IGF-I-R expression in malignant cells renders them unable to establish colonies in soft agar.
During the last decade, thyroid cancers have also been shown to express IGF and IGF-I-R, but the clinical impact of expression is not entirely clear. IGF-I was expressed by 90% of adult PTC and in vitro studies have shown that IGF-I stimulates growth of PTC-derived cell cultures (8 -10) . However, expression of IGF-I had no prognostic significance for adults (8) . IGF-I-R was expressed by the majority of adult thyroid cancers, and the expression of IGF-I-R was significantly correlated with tumor size (11) . Larger tumor size has itself been associated with a higher risk of recurrence (12) . However, Vella et al. (13) (14) (15) recently found that IGF-I-R were expressed only by differentiated thyroid cancers, whereas IR were expressed by poorly differentiated thyroid cancers. Their data would suggest that IGF-I-R might be found in tumors with more favorable prognosis (13) (14) (15) . Unfortunately, none of these studies included any childhood thyroid cancers, which are generally well-differentiated and have a favorable prognosis (16) .
The goal of our study was to examine the expression of IGF-I and IGF-I-R in differentiated thyroid cancers from children and adolescents and to correlate expression with tumor growth, metastasis, and recurrence. Our data show that the intensity of IGF-I and IGF-I-R expression is increased in childhood thyroid cancers compared with normal surrounding tissue, and that more aggressive cancers have more intense expression of IGF-I-R.
METHODS
Approval. This study received prior approval and funding (WU# 02-65001e) from the Human Use Committee of the Department of Clinical Investigation, Walter Reed Army Medical Center, Washington, DC. This was a retrospective study of previously existing tissue samples from which all patient identifiers had been removed, allowing the study to be approved as an exempt protocol without prior consent.
Patients. We searched the automated centralized tumor registry of the Department of Defense (ACTUR) to identify all patients who were Յ21 y of age when diagnosed with thyroid cancer. Original medical records were used to construct a database that includes demographic features, tumor characteristics, treatment, and clinical outcome (16) . The extent of disease at diagnosis was classified according to the system of DeGroot et al. (12) . According to DeGroot et al., class 1 disease is confined to the thyroid gland, class 2 involves the regional lymph nodes, class 3 either extends beyond the capsule or was inadequately resected, and class 4 has distant metastasis (lung or bone). In addition, we used the MACIS scoring system for comparisons (17) . According to the MACIS system, the following formula is used to calculate MACIS scores for all patients Ͻ39 y of age: MACIS ϭ 3.1 ϩ (size ϫ 0.3) ϩ 1 (if incomplete resection) ϩ1 (if invasive beyond the capsule) ϩ 3 (if distant metastasis). As in our previous studies, recurrence was defined as the appearance of new disease (identified by radioactive iodine scan or biopsy) in any patient who had been free of disease (no disease palpable or identified by radioactive iodine scan) for a period of 4 mo after initial therapy (16) .
The majority of patients received their medical care before the routine use of serum Tg levels for defining recurrence-free survival. For this reason, Tg levels are not used in our definitions, however, Tg levels were determined for contemporary patients (normal, 3-40 ng/mL; University of Southern California Clinical Laboratories, Los Angeles, CA, U.S.A.). The clinical details of these and other patients have been previously published by our group (16) .
Immunohistochemistry. Sufficient formalin-fixed, paraffinembedded archival tumor tissue was available to stain 23 PTC and 6 FTC for the expression of IGF-I and IGF-I-R. Formalinfixed, paraffin-embedded tissue blocks were sectioned and stained with hematoxylin and eosin to confirm the diagnosis (18) . Sections immediately adjacent (5 m) were used for immunohistochemistry. Sections were deparaffinized with xylene and rehydrated through a series of graded alcohol solutions and nuclease-free water. Endogenous peroxidase was quenched (3% H 2 O 2 , 30 min, room temperature), after which, IGF-I-R antigen retrieval was performed with protease (30 min, Ventana Medical Systems, Tucson, AZ, U.S.A.). Antigen retrieval was not required for IGF-I staining. Sections were incubated with either primary anti-IGF-I (1:100, Upstate Biotechnology, Lake Placid, NY, U.S.A.), or anti-IGF-I-R (1:100, Upstate Biotechnology), and secondary biotinylated anti-IgG. Four sections from each tumor were stained on the Ventana NEXES automated slide stainer (Ventana Medical Systems) using the universal DAB detection (IGF-I and IGF-I-R) and amplification (IGF-I-R only) kits. The presence and intensity of IGF-I and IGF-I-R staining were determined by two blinded, independent examiners and quantified from absent (grade 0) in intense (grade 3) with Ͼ90% concordance. None of the samples showed intense IGF-I-R expression, limiting the highest grade of IGF-I-R staining to moderate (grade 2). A third, independent examiner scored those samples in which there was disagreement, and the two scores in agreement were used as the final intensity score. Samples of human or porcine kidney were used as positive control for IGF-I and human placenta was used as positive control for IGF-I-R. Separate negative controls were performed in which PBS was substituted for the primary or secondary antibodies. Tissue sections (n ϭ 10) from 10 patients were identified that contained sufficient normal thyroid tissue surrounding these tumors to determine the expression of IGF-I and IGF-I-R in what appears to be normal thyroid.
Data Analysis and Statistical Comparisons. The presence and intensity of IGF-I and IGF-I-R expression were correlated with the histologic variant, demographic features, size of the tumor, extent of disease at diagnosis, and clinical outcome. Statistical analyses were performed using SPSS for Windows 95 (Version 7.5, SPSS Inc., Chicago, IL, U.S.A.). The average intensity of staining was compared by ANOVA, and the proportion of tumors that stained for IGF-I or IGF-I-R were compared by Fisher's exact test. Correlations were performed using Pearson correlation, and recurrence-free survival was calculated using Kaplan-Meier survival curves with log-rank comparison. Unless otherwise indicated, data are presented as mean Ϯ SEM.
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RESULTS
The clinical features of the 29 patients are shown in Table 1 . They ranged in age from 6 to 21 y (mean ϭ 16.4 Ϯ 4.3 y) and had tumors with an average size of 2.1 Ϯ 1.6 cm (range, 0.2-7.5 cm). Among the patients with PTC, 12 had class 1 disease, 9 had class 2 disease, 1 had class 3 disease, and 1 had class 4 disease. The average MACIS score for the patients with PTC was 3.9 Ϯ 0.93 (range, 3.25-7.39). Six patients had FTC, for which, DeGroot class and MACIS scores are not routinely performed (12, 17) . The patients were followed for an average of 57 Ϯ 44 mo (range, 0 -169 mo) after therapy. During that time, six developed recurrent disease (6 -67 mo after initial therapy). The clinical details, treatment, and outcome for these 29 patients are similar to those of a larger cohort previously published by our group (16) .
Staining for IGF-I and IGF-I-R was seen throughout the lesions with no apparent difference between the periphery and center (Fig. 1) . Overall, IGF-I was detected in 45% of thyroid cancers, including 39% of PTC (9/23) and 4 of 6 FTC. IGF-I-R was detected in 43% of thyroid tumors, including 42% of PTC (8/19) and 2 of 4 FTC. In contrast, neither IGF-I nor IGF-I-R was detected in any sections of surrounding normal thyroid tissue from 10 of the patients. Expression of IGF-I and IGF-I-R was more common in PTC than normal tissue (IGF-I, p ϭ 0.032; IGF-I-R, p ϭ 0.030 by Fisher's Exact test). There were too few FTC to support independent statistical compari- Figure 2 , the intensity of IGF-I-R expression was significantly greater among all aggressive tumors compared with indolent tumors (Fig. 2A,  p ϭ 0.029) , and all aggressive PTC compared with indolent PTC (Fig. 2B, p ϭ 0.029 ).
Tumors were stratified according to the presence or absence of IGF-I expression (Table 2) . Patient age, tumor size, MACIS score, treatment, and the length of follow-up were similar for tumors that either did or did not express IGF-I. Over time, six tumors recurred, half of which expressed IGF-I. Disease-free survival (Fig. 3) tended to be shorter for tumors that expressed IGF-I, but the difference was not significant (p ϭ 0.17).
Tumors were also stratified according to the presence or absence of IGF-I-R expression (Table 3) 
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which expressed IGF-I-R. The overall risk of recurrence was significantly greater for all tumors (PTC and FTC) that expressed IGF-I-R (p ϭ 0.05 by Fisher's Exact Test) and for all PTC that expressed IGF-I-R (4/16 indolent and 5/6 aggressive PTC expressed IGF-I-R, p ϭ 0.023). However, when diseasefree survival was determined (Fig. 4) , the difference only approached statistical significance (p ϭ 0.08).
DISCUSSION
Expression of IGF and IGF-I-R has been detected in a variety of cancers and linked to tumor growth and prognosis (1-6, 8 -10, 13-15). Several of these studies indicate that IGF-I-R expression is critical not only for transformation, but for aggressive behavior as well (7, 11) .
Thyroid cancers have also been shown to express IGF and IGF-I-R, but the clinical impact is not entirely clear. IGF-I was expressed by the majority of adult PTC, but there was no impact associated with IGF-I expression on clinical outcome (8 -10). IGF-I-R expression correlated with tumor size in adults, suggesting that IGF-I-R might be associated with a poor prognosis (11) . However, IGF-I-R were only expressed by 4 Surgery includes procedures referred to as "completion thyroidectomy." Figure 3 . Disease-free survival for thyroid cancers stratified by IGF-I expression. Thyroid cancers were divided into those that expressed IGF-I and those that did not. Disease-free survival was calculated by Kaplan-Meier survival analysis and log-rank comparison.
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IGF IN CHILDHOOD THYROID CANCER differentiated thyroid cancers and not poorly differentiated thyroid cancers, suggesting the prognosis for IGF-I-R expressing tumors would be more favorable (13) (14) (15) . In addition, none of these studies included any childhood thyroid cancers, which tend to be well-differentiated and to have a favorable prognosis (16). To our knowledge, no previous study has examined these questions in childhood thyroid tumors.
Our data show that IGF-I and IGF-I-R are expressed by some childhood thyroid cancers, including both PTC and FTC histologic variants. Neither IGF-I nor IGF-I-R was detected in any of the normal thyroid sections in our study, suggesting either that IGF-I and IGF-I-R expression are limited to neoplastic diseases of the thyroid, or that the intensity of expression in normal thyroid is below the level of sensitivity for immunostaining. These data are consistent with those of Silva Filho et al. (8) , who showed that more than 90% of adult PTC express IGF-I. Also, like Silva Filho et al., we found that the expression of IGF-I had no impact on the clinical course of childhood thyroid cancers. The expression of IGF-I was similar in aggressive and indolent thyroid tumors, and disease-free survival, although somewhat reduced in IGF-I expressing tumors, was not significantly different. Despite these facts, the prognosis for children with thyroid cancer is generally more favorable than for adults (16) . It is interesting that a higher proportion of adult thyroid cancers (90%) were found to express IGF-I compared with our results in children (39%) (8 -10) . Based on this comparison, it is possible that IGF-I might still have a role in the more aggressive behavior of adult thyroid cancers.
Previous studies have shown that disease-free survival for children with PTC is similar to that of children with FTC (16) . Based on this similarity, we then compared aggressive tumors (PTC and FTC with invasion, metastasis, recurrent, or persistent disease as well as aggressive PTC alone) with indolent tumors (PTC and FTC confined to the gland, as well as indolent PTC alone) and found that aggressive tumors had more intense expression of IGF-I-R than indolent tumors (p ϭ 0.029) and that aggressive PTC had more intense IGF-I-R expression than indolent PTC (p ϭ 0.029). We also found that the overall risk of recurrence was increased for IGF-I-R expressing tumors (PTC and FTC together, p ϭ 0.05; PTC alone, p ϭ 0.023). This is consistent with the important role for IGF-I-R proposed by Sell et al. (7) and suggests that the expression of IGF-I-R might be important in supporting invasion, metastasis, and recurrence of thyroid cancers in children. Unfortunately, our recurrence data could be biased by the longer follow-up provided to patients with tumors that expressed IGF-I-R (77 Ϯ 8.5 versus 43.9 Ϯ 13.4 mo, p ϭ 0.06). This would have allowed for more recurrent disease to be detected. Consistent with this limitation, disease-free survival, although shorter for patients with thyroid cancers that expressed IGF-I-R, only approached statistical significance (p ϭ 0.08). Because of this limitation, additional studies from other investigators will need to be performed to confirm or refute this observation.
We did not find any significant correlation between IGF-I-R and tumor size. In a previous study of adult thyroid cancers, Maiorano et al. (11) found that IGF-I-R was expressed by the majority of thyroid cancers and significantly correlated with tumor size. The reasons for this difference are not entirely clear. Recent observations in adult thyroid cancers indicate that hybrid receptors can be formed between IGF-I-R and the IR (13) (14) (15) . These hybrid receptors would confer the ability to bind IGF-II and might be important in tumor growth (1) . Unfortunately, our current report does not examine IGF-II 714 expression, preventing us from addressing this possibility. It is also possible that IGF-I-R might not have as important a role in thyroid cancer growth during childhood. We previously found that VEGF expression is closely related to the size and recurrence risk for thyroid cancers in adults and children (19, 20) . It is possible that other growth factors such as VEGF might have more control over the growth of childhood thyroid cancers. We did not observe any difference in IGF-I or IGF-I-R expression between PTC and FTC. This is consistent with our previous finding that, unlike in adults, disease-free survival for children with PTC and FTC is similar (16) . We also failed to find any correlation between the intensity of IGF-I or IGF-I-R expression and that of VEGF, which was previously shown to correlate with recurrence risk (19, 20) . There are many possible explanations for this, but we believe it possible that any growth factor (VEGF, IGF-I, IGF-II, etc.) might be sufficient to support thyroid cancer growth and metastasis (8 -10, 19 -21) . If so, an individual tumor would not need to make all these growth factors to show aggressive clinical behavior. Unfortunately, this would also preclude reliance on only one growth factor to prospectively identify patients with the highest risk of recurrence.
We should emphasize that our findings are limited by the small number of samples and the retrospective nature of the clinical data (16) . The number of recurrent PTC in our study was small (n ϭ 6), limiting the power of our statistical analyses. Nonetheless, thyroid cancers are unusual during childhood and these data represent one of the largest collections of childhood thyroid tumors (16) . The data support the hypothesis that expression of IGF-I-R by childhood thyroid cancers is associated with less favorable outcomes.
Due to the retrospective nature of our data collection, patients received their care over several decades, most of which were before the routine use of serum Tg measurements for the detection of recurrent or persistent disease. For this reason, we are unable to correlate serum Tg values with the presence or absence of IGF-I or IGF-I-R expression. Although some of these historical patients might have had detectable serum Tg and would therefore have been incorrectly identified as free of disease, the treatment of such 131 Iodine scan-negative, Tgpositive patients is controversial (22) . Furthermore, in all of our contemporary patients classified as free of disease (n ϭ 5), serum Tg values were Ͻ10 ng/mL (normal, 3-40 ng/mL). The magnitude of serum Tg values that indicate freedom from disease has been debated but is recently believed to be Ͻ2 ng/mL (23) . Previous studies that span the period of our observations suggested that levels might be as high as 10 ng/mL (24, 25) . It is possible that some of our patients might develop recurrent disease as they are followed for a longer period of time.
In conclusion, the current study has shown that differentiated thyroid cancers of children and adolescents, including PTC and FTC, express IGF-I and the IGF-I-R. Tumors that express IGF-I-R are more likely to show aggressive clinical features such as invasion beyond the thyroid capsule and metastasis. They are also more likely to recur and persist despite treatment.
